However, most studies have examined either only one airway or only airways in anatomically unidentified cross-sections. Using software capable of precisely identifying the generation of airways and measuring airway dimensions perpendicular to the long axis of airways, we examined, in older patients with stable asthma, how inter-subject variation in airway dimensions correlated among the 3 rd to 6 th generation of airways, and then examined relationships between airway dimensions of each generation and indices of airflow limitation.
INTRODUCTION
Bronchial asthma is characterized by reversible airflow limitation and hyperresponsiveness to constricting stimuli. Pulmonary function tests, however, have revealed that airflow limitations in some patients fail to reverse completely despite optimal treatment. 1, 2 This phenomenon has been assumed to result from poorly reversible structural changes in airway remodeling, including increased airway smooth muscle mass and sub-epithelial thickening of the basement membrane. 3 Computed tomography (CT) has been used for non-invasive quantitative assessment of airway dimensions, potentially indicating airway remodeling and providing valuable morphological information about the airways in vivo. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Airway wall thickening and airway narrowing have been repeatedly reported in patients with asthma compared with healthy controls. [4] [5] [6] 8, 16, 22, 23 However, only a few studies have attempted to examine relationships between indices of airflow limitation and airway wall dimensions detected on CT in stable asthmatic patients. In some reports, analyses have been limited to airway dimensions of only one airway or only of the third generation, 16, 23 while other reports have attempted to analyze more distal airways, but have examined only airways cut in cross-section on CT, so airway dimensions were probably compared at anatomically different generations. 7, 24, 25 Only recently, Montaudon et al. 26 examined the relationship between morphometrically derived airway indices using 3-dimensional (3D)-CT and indices of airflow limitation. They introduced interesting parameters, namely slope of the wall area/lumen area and slope of wall area/total wall area as a function of generation, revealing that these parameters correlated significantly with some indices of airflow limitation. However, relationships of airway dimensions among bronchial generations or between airway dimensions at each generation and airflow limitation indices have not yet been explored.
The present study aimed to apply our 3D software (AZE, Tokyo, Japan) for a 6 patient in a supine position, holding his or her breath in deep inspiration. On the study day, the patients were asked to take their medications as usual. Data were transferred to a workstation and then reconstructed into 3D images. The detailed process of CT data acquisition and reconstruction has been described previously 28 and is available in the Online
Repository. Identification of the generation of bronchi relied on careful inspection, simultaneously using longitudinal and short-axis images and searching for any bifurcations in the entire circumference.We first define a segmental bronchus as the 3 rd generation of bronchi, and then proceed toward peripherally, using the longitudinal image and the short axis image simultaneously and searching for any bifurcation all around circumference.
On the monitor of the work station, image interpretation was performed using window width of 1,000 and a window level of -700. From the centroid point of the lumen, rays fanning out over 360°were examined to determine airway wall thickness along the rays using the full-width at half-maximum principle 29, 30 . After this process, if the outline of automatically obtained airway walls was obviously out of contour, correction was made. Based on manual plotting at several points, our software used cubic spline interpolation and built a new circle.
Finally, we obtained values for the inner luminal area (Ai) and the outer area of the bronchus (Ao). At each bifurcation, we randomly selected one bronchus in general. In the case that image of one bronchus is poor or one bronchus is obstructed, however, we then selected one which would have been more easily identified until the 6 th generation. We measured airway dimensions of eight bronchi in the right lung; apical (B1), posterior (B2), and anterior (B3) of the upper lobe; lateral (B4) and medial (B5) of the middle lobe; and anterior basal (B8), lateral basal (B9), and posterior basal (B10) of the lower lobe, at the midpoint between bifurcations, from the 3 rd to 6 th generation. A representative view of one airway for analysis is shown in Figure 1 . As shown in Figure 1c , Wall Area (WA) was calculated as (Ao-Ai). We then determined wall area percent (WA%) defined as WA/Ao × 100 and Ai after correcting for body surface area (Ai/BSA) for the parameters of airway dimensions. We took the average from all bronchi measured for comparison among generations and for comparison with airflow limitation indices. All measurements were performed by one of the authors (K.S.), who was blinded to any other subject information.
Pulmonary Function Tests
We conducted pulmonary function tests at 1-3 h after CT was performed. We measured spirometry, diffusing capacity for carbon monoxide, and lung volumes assessed by the helium 
RESULTS
Characteristics of the 59 subjects who met the entry criteria are presented in antagonists Results of pulmonary function tests are summarized in Table 3 .Although all subjects were clinically stable, FEV1 %predicted varied from 49.7% to 112.5% (mean, 87.1 ± 2.1%). A similar wide variation was observed for other pulmonary function parameters, and FEV 1 /FVC was <70% in 41 patients (69%). The reversibility of airflow limitation was 6.5 ± 0.8%. Nine patients increased their FEV1 by more than 200ml and 12% from the baseline after inhaling a bronchodilator.
Online Table E1 shows mean values for two airway parameters (Ai/BSA, WA%) at all 32 measurement sites, from the 3 rd to 6 th generation of eight bronchi in the right lung. We failed to obtain data at all 32 measurement sites in some subjects, as clear images of airways could not always be obtained. The number of subjects for whom measurements were available at each site is shown in Online Table E1 ; we missed data from a considerable number of subjects, particularly at the 5 th and 6 th generations of B4, B5, and B9 bronchi.
Averages were taken from all bronchi measured per generation for later analyses. Excellent correlations in inter-subject variations were seen for both mean WA% and mean Ai/BSA among generations ( (Table 4) . In other words, the more pulmonary function deteriorated, the thicker the airway wall and the narrower the airway caliber became at any generation.
Duration of asthma also correlated significantly with Ai/BSA and WA% at any generation, suggesting that patients with longer duration had thicker airway walls and narrower airway caliber (Table 4) .
Finally, we performed a separate analysis by sex, as airway dimensions and airway remodeling may differ between men and women (Online Tables E2, E3 In COPD, we and others have previously reported that correlation coefficients of airway dimensions with airflow limitation indices were better in distal airways than in proximal airways of the 3 rd to the 6 th generations. 20, 39, 40 In this study, however, we did not find such characteristics in terms of structure-function relationship. This may be explained by differences in the site of airway remodeling between diseases. Another explanation may lie in the effect of elastic recoil pressure surrounding the airway on inner luminal area. In COPD, not only airway disease but also emphysema is likely contribute to airway narrowing, thus causing Ai to be more closely correlated with function compared with WA%, whereas both Ai and WA% have similar relationships with function in bronchial asthma. The third explanation is that the degree of airflow limitation observed in this study population was not as severe as in COPD, so the involvement of small airway remodeling might not have been notable.
Of particular note, we found significant relationships of airflow limitation indices not only with WA%, but also with Ai/BSA. In contrast with airway wall thickening, which has been repeatedly reported in patients with bronchial asthma, controversy remains regarding airway luminal area. Although some studies have shown reduced airway luminal area in patients with bronchial asthma compared with healthy controls, 8, 17 other have found no such differences. 16, 22 Our data suggest that airway wall thickening leads to airway narrowing, when the patients display airflow limitation.
Several limitations in this study require consideration. First, only older subjects with stable asthma were enrolled and most were classified as moderate persistent or severe persistent.
Thus, the results in this study might not be applicable to younger patients nor patients who would be classified as intermittent and/or mild persistent. Second, as pulmonary function of the subjects overall was relatively preserved, it might be premature to compare the findings of this study with those of the past studies which had dealt with COPD. Comparison between the asthma and COPD would be highly interesting if the level of airflow limitation was comparable in the two groups. Third, sex-related differences have recently been reported not only in emphysema, 41 but also in airway disease in COPD. 42 Subjects in this study comprised 22 men and 37 women, so that the numbers may have been inadequate for comparison between sexes. Finally, we must also note technological limitations of our 3D airway analysis.
As not all of the 5 th and 6 th generation of airways could be identified, there might have been selection bias of sampled airways. However, the advantage would be that we could compare the data per generation among the subjects, which could not have been performed in any of the past studies. Excellent correlations in airway dimensions among the generations of airways we found in this study may indicate superiority of our 3D analysis over other previously reported analyses, despite such bias. Another technical criticism might be use of the full-width-half-maximum method for determination of airway wall because this algorithm is reported to underestimate airway luminal area and to overestimate airway wall thickness particularly in airways of small diameters 43 . We, however, compared the data among the subjects, using the same generation of airways ( i.e. the similar size of airways), which would minimize the potential systemic errors. Finally, even with progress in CT technology and the present advanced algorithms, we cannot yet measure the airway dimensions of what we call "small airways," which are defined as those with diameters <2 mm.
In conclusion, in clinically stable and older asthmatics, excellent correlations existed in inter-subject variation of airway dimensions measured by 3D-CT, among the 3 rd to 6 th generations, supporting the concept that airway wall thickening and airway narrowing occurs similarly at these areas of airways. Second, airway dimensions correlated significantly with indices of airflow limitation at any level from the 3 rd to 6 th generation of airways to a similar extent in those asthmatic population. [%]
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